capacity of differentiated neural cell types. Embryonic stem cells could provide an alternative source of transgenic astrocytes that circumvents these difficulties. These cells are totipotent cells obtained from the inner cell mass of the embryo while in the blastocyst stage. 20 They have unlimited proliferative capacity and, unlike other cell types, can be genetically modified using homologous recombination, eliminating the need for viral vectors and permitting multiple, precisely determined genetic modifications. Wild-type and genetically modified ESCs have been tested in several animal models of CNS disease, including demyelinating disease, 7, 27 trauma, 29 and Parkinson disease. 2, 5, 25 The use of ESCs for transplantation purposes has disadvantages, including regulatory constraints 40 and the possibility of teratoma formation by undifferentiated ESCs. 1, 5, 15, 22, 42 We describe a method of generating highly pure cultures of astrocytes from mouse ESCs that has advantages over previously described protocols including a very high yield of astrocytes, completely defined culture media, and differentation in the absence of EFCs. We demonstrate highly regulated, robust drug-inducible expression of a transgene following insertion via homologous recombination.
We describe methods for minimizing the contamination of ESC-derived astrocytes by undifferentiated ESCs. Finally, we show that transgenic ESC-derived astrocytes are suitable for transplantation into the mouse brain.
Materials and Methods

Mouse ESC Culture
The mouse cells used in this study, Ainv-GFP ESC, a gift from M. Kyba, 26 contain two transgenes inserted by site-specific homologous recombination: a constitutively expressed gene encoding a tetracycline/doxycycline-binding, transcriptional activator fusion protein, and a GFP reporter gene downstream from a tetracycline-response element. The cells were maintained at all times in an incubator containing a humidified atmosphere of 95% air/5% CO 2 at 37˚C. Undifferentiated Ainv-GFP cells were propagated on irradiated mouse feeder cells in a manner that has previously been described. 1 For astrocyte differentiation, the Ainv-GFP cells were passaged twice on gelatin-coated plates to remove the feeder cells, after which they were trypsinized, washed with IMDM containing 15% FCS (Gemini Bio-Products, Woodland, CA), and seeded at a quantity ranging from 10 4 to 3 ϫ 10 4 cells/ml in 60-mm cell-culture plates in StemPro-34 medium (Gibco, Carlsbad, CA) supplemented with 2 mM L-glutamine (Gibco), penicillin-streptomycin (Gibco), 4.5 ϫ 10 4 M MTG (Sigma Chemical Co., St. Louis, MO), 0.5 mM ascorbic acid (Sigma Chemical Co.), and 2% Kit ligand. 17 After 2 days, small EBs had formed, and these were transferred to IMDM that was supplemented with 15% serum replacement (Gibco), 2 mM L-glutamine, penicillin-streptomycin, 4.5 ϫ 10 4 M MTG, and 0.5 mM ascorbic acid. After 4 more days, the larger EBs were allowed to settle out of suspension and were transferred to gelatin-coated tissue culture dishes in IMDM that was supplemented with 15% serum replacement, 20 ng/ml epidermal growth factor (R&D Biosystems, Minneapolis, MN), 10 ng/ml human fibroblast growth factor-2 (R&D Biosystems), and 1 g/ml laminin (Sigma Chemical Co.). 34 The medium in each dish was changed every other day. After 5 days, the medium was changed to IMDM that was supplemented with 15% serum replacement, 10 ng/ml human fibroblast growth factor-2, and 10 ng/ml PDGF-AA or PDGF-BB (R&D Biosystems). 34 When appropriate, 1 g/ml doxycycline (Sigma Chemical Co.) was added to the medium at least 24 hours before an analysis of GFP expression was undertaken.
The RT-PCR Study
Total cellular RNA from cultured cells or freshly dissected mouse brain was purified using the RNeasy kit (Qiagen, Inc., Valencia, CA), with an on-column DNAse treatment. All RNA preparations were spectrophotometrically quantified and examined for degradation by using gel electrophoresis before RT. Reverse transcription was performed on 1 g of total RNA by using the OmniScript reverse transcriptase kit (Qiagen, Inc., Valencia, CA) and PDN6 random hexamer primers (Pharmacia, Inc., Piscataway, NJ) in a total volume of 20 l. Each 12.5-l PCR mixture contained a 0.5-l complementary DNA template. All PCR amplifications were performed for 35 cycles (the primer sequences and the annealing temperatures have previously been published 12, 19, 41, 44 ). The PCR products were examined on 1.8% agarose gels and photographed using an Eagle Eye II imager (Stratagene, La Jolla, CA).
Immunofluorescence Labeling
The differentiated cells were grown on glass coverslips (Fisher Scientific, Hampton, NH) coated with poly-D-lysine (Sigma Chemical Co.), whereas ESCs were grown on glass coverslips coated with gelatin (Sigma Chemical Co.). For immunofluorescence labeling, the cells were washed with PBS, fixed in 4% paraformaldehyde in PBS for 30 minutes at room temperature, washed again, and preincubated at room temperature in 10% normal goat serum (Sigma Chemical Co.) for 30 minutes and then in primary antibody for 1 hour. The primary antibodies that we used and their respective dilutions are as follows: rabbit anti-GFAP, 1:100 (Sigma Chemical Co.); monoclonal anti-GFP, 1:200 (Molecular Probes, Eugene, OR); monoclonal anti-maltose binding protein, antinestin, and anti-␤ III -tubulin, 1:100 each (Chemicon, Temecula, CA); monoclonal anti-E-cadherin, 1:300; monoclonal anti-Oct-3/4, 1:100; and FITC-conjugated rat anti-CD31, 1:100 (Pharmingen, San Diego, CA). The cells were then washed and incubated in appopriate secondary antibodies for 1 hour at room temperature. The secondary antibodies that we used and their respective dilutions are as follows: Cy3-conjugated goat anti-rabbit, 1:800; anti-mouse and anti-rat, 1:500 each; and FITCconjugated goat anti-rat, 1:200 (all from Pharmingen). The cells were then washed and mounted in Vectashield with added DAPI (Vector Laboratories, Burlingame, CA), and examined by performing fluorescence microscopy with the Openlab imaging system (Improvision, Lexington, MA).
Fluorescence Activated Cell Sorting
Cells growing in a monolayer or in suspension as EBs were trypsinized and triturated through a 19-gauge needle. Trypsinization was stopped with an equal volume of FCS. The cells were then centrifuged, resuspended in washing buffer (PBS supplemented with 10% FCS and 0.01% NaN 3 ), and counted. To perform FACS by using antibodies to intracellular proteins, the cells were permeabilized and treated according to previously published protocols. 43 To perform FACS by using antibodies to cell surface antigens, the cells were distributed into wells of a 96-well plate, sequentially labeled with primary antibodies and secondary antibodies or detection reagents as listed later, and counted with the aid of a fluorescence-activated cell sorter (FACScalibur; Becton Dickinson, San Jose, CA) by using the Cellquest software package (BD Biosciences, San Jose, CA). Gating with an appropriate measurement of forward and side scatter was used to exclude dead cells and cell aggregates from the sorting, and 10,000 cells were counted per analysis. Cell sorting and recovery was performed with the aid of a MoFlo cell sorter (DakoCytomation, Fort Collins, CO). Reagents used for cell labeling and sorting, and their respective dilutions, included the following: monoclonal rat anti-E-cadherin, 1:300; biotinylated monoclonal rat anti-CD31, 1:100; phycoerythrin-conjugated anti-rat, 1:300; and Cy5-phycoerythrinconjugated streptavidin, 1:200 (all from Pharmingen).
Allotransplantation of Astrocytes Into the Mouse Brain
All protocols in which live animals were used were approved by the Mount Sinai School of Medicine Institutional Animal Care and Use Committee. The ESC-derived astrocyte cultures were trypsinized, washed, counted, and resuspended at 3 ϫ 10 4 cells/l in IMDM. The cells were loaded into a Hamilton syringe, which was mounted on a stereotactic animal frame (Stoelting, Wood Dale, IL).
After anesthesia had been induced the syngeneic 129/Ola mice (Harlan, Indianapolis, IN), each between 3 and 6 weeks of age, scalp incisions were made and burr holes were drilled anterolaterally to the bregma. The mice were then placed in the stereotactic frame, and 1 l of cell suspension was slowly injected into either the right corpus callosum (four animals) or the right striatum (four animals) by following these coordinates: 0.62 mm anterior to the bregma, 2 mm lateral, and 3.5 mm deep to the cortical surface (striatum), and 2.5 mm deep to the cortical surface (corpus callosum). 31 Sham injections of IMDM were made into the corresponding left corpus callosum or striatum in the same animals. The injection sites were marked on the cortical surface by using Pelikan black ink, and the incisions were closed. The viability of the transplanted cells was checked by recovering any unused cells from the Hamilton syringe, staining them with vital dye, and allowing them passage in culture.
Immunohistochemical Analyses of Mouse Brains
At various time points, the animals were anesthetized and intracardially perfused with cold 4% paraformaldehyde in PBS. The animals' brains were removed whole and postfixed in 4% paraformaldehyde in PBS. The injection sites were identified, and coronal slices centered on the injection sites were selected for sectioning. Coronal 2-mm-thick slices were paraffin embedded and sliced into 5-m serial sections by using a microtome. Slices were stained with H & E and selected slices were deparaffinized in xylene and ethanol, treated with hydrogen peroxide to eliminate endogenous peroxidases, and labeled with polyclonal anti-GFAP (dilution 1:200; Dako Corp., Carpinteria, CA) and the ABC detection kit with diamino benzidine substrate (Vector Laboratories). Negative control sections were incubated with secondary antibody alone. Stained sections were mounted in Permount and examined with the aid of a microscope.
Results
Generation of Astrocytes From Mouse ESCs
After 6 days of differentiation in serum-free suspension cultures, the EBs were plated either intact, as partially dissociated aggregates, or as a single-cell suspension onto gelatin, fibronectin, or poly-D-lysine-coated tissue-culture dishes in medium either containing or not containing MTG and ascorbic acid. The cultures were monitored for cell viability and growth and analyzed for expression of neural cell type-specific markers between 7 and 10 days following plating. After plating, the cells formed clusters of small, round cells, and flat or spindle-shaped cells began to migrate away from these clusters and form confluent sheets. Confluence was usually achieved by Day 7 following plating; approximately 3 ϫ 10 6 cells were generated from a starting ESC population of between 10 4 and 3 ϫ 10 4 cells. Similar rates of cell growth and yields of cells with astrocyte characteristics were observed regardless of whether the EBs were plated whole, partially dissociated, or completely dissociated. The use of gelatin or fibronectin substrate did not affect cell growth and differentiation, although cell growth was markedly slower when the EBs were plated on poly-D-lysine-coated dishes. The proportion of astrocytes remained the same when either PDGF-AA or PDGF-BB was included in the culture medium, but was somewhat higher when MTG and ascorbic acid were omitted. Similar results were obtained using two other ESC lines (data not shown).
Nine days after plating, up to 98% of the cells were immunoreactive with antibodies to GFAP, which was demonstrated by microscopic analysis (Fig. 1 upper) and FACS (Fig. 1 lower) . The exact proportion of GFAP-positive cells depended on whether polyclonal or monoclonal antibodies had been used, which is typical of astrocytes in vivo and in culture. Cells growing at a low density demonstrated either stellate or compact shapes that were suggestive of type II and type I astrocytes, respectively. Some nonastrocytic cell types, including ependymal cells, also express GFAP. We evaluated expression of other astrocyte-selective markers, including the GLT-1 glutamate transporter and S100␤ protein. 33 The RT-PCR analysis showed that GFAP, GLT-1, and S100␤ were expressed in our astrocyte cultures but not in undifferentiated Ainv-GFP ESCs (Fig. 2 left) . Immunofluorescence microscopy revealed that nearly all of the cultured astrocytes expressed GLT-1 (Fig. 2 right) . Both RT-PCR and immunofluorescence staining confirmed that a small percentage of cells represented other neural cell types, including oligodendrocytes, neurons, and nestin-positive neural precursor cells (data not shown).
Selective Strategies Minimize Contamination by Undifferentiated ESCs
Several strategies for minimizing contamination of our differentiated cells by residual ESCs were tested. First, we established efficient protocols for generating highly differentiated neural cells. The FACS analysis (Fig. 3) showed that approximately 1% of cells expressed murine ESC markers (CD31 and E-cadherin) after 7 days of differentia- tion. After 10 days, fewer than 0.15% of cells expressed these ESC markers. Both RT-PCR and the immunofluorescence analysis of cultures at Day 15 confirmed the presence of small numbers of cells that expressed ESC markers including the transcription factors Oct-4, Rex-1, and nanog, and the cell surface marker E-cadherin. Following 2 or 3 weeks of culture, as proliferation of mature astrocytes slowed, the small number of residual ESCs in our cultures proliferated rapidly, resulting in large ESC colonies that overgrew the cultures.
Second, two FACS-based strategies for negative depletion of ESCs or positive selection of neural cells were used. For negative depletion, cells expressing either E-cadherin or CD31 were removed from cultures between Day 10 and Day 15 by using FACS. The remaining "double-negative" cells were subcultured for an additional 1 to 2 weeks and were monitored for ESC growth. For positive selection, we attempted to select neural cells by trypsinizing our cultures at Day 10, labeling with antibody to NCAM, and selecting only NCAM-positive cells for subculture. A few ESC colonies appeared early in both cultures and were removed manually by using a pipette. The initial RT-PCR analysis of sorted and unsorted cultures showed that low expression levels of the ESC marker genes oct-4 and nanog persisted, indicating the presence of contaminating ESCs (Fig. 4) . The ESC colonies appeared in both sorted and unsorted cell cultures after 16 days in culture; however, cultures of sorted cells had markedly fewer and smaller ESC colonies compared with those of unsorted cells after 3 weeks.
Astrocytes Derived From Ainv-GFP ESCs Continue to Express Transgene After Differentiation
The Ainv-GFP ESC line used in our study includes a constitutively active doxycycline-binding protein-transactivator fusion gene and the GFP reporter gene under the control of a doxycycline-responsive element. Adoption of fully differentiated phenotypes by cells expressing transgenes is sometimes associated with transcriptional silencing and a loss of transgene expression. To test whether mature Ainv-GFP-derived astrocytes are still able to express the transgene, we allowed our astrocytes to differentiate for 17 days in culture. Control cells not treated with doxycycline displayed minimal expression of GFP microscopically (Fig. 5  upper) and by FACS analysis (Fig. 5 lower left) ; in contrast, robust expression of GFP was seen in approximately 60% of mature cells after 24 hours of doxycycline treatment (Fig.  5 center and lower right) . After exposure to doxycycline ESC-derived astrocytes expressed GFP and GFAP (Fig. 6) .
Embryonic Stem Cell-Derived Astrocytes Maintain Their Phenotype 24 Hours After Transplantation Into the Mouse Brain
We performed experiments to test the suitability of ESCderived astrocytes for transplantation into the mouse brain. Twenty-four hours after transplantation of 3 ϫ 10 4 ESC-derived astrocytes into the striatum or corpus callosum of syngeneic mice, we observed maintenance of GFAP expression in the transplanted cell population (Fig. 7) . 
Discussion
Unique Advantages of ESC-Derived Astrocytes as CNS Gene Therapy Vectors
Transplantation of genetically engineered neural cells to deliver gene therapy to the CNS shows promise in treating diseases such as brain tumor 3, 13 and Parkinson disease. 30 Embryonic stem cell-derived astrocytes may be ideal gene therapy vectors for several types of CNS diseases. Astrocytes have potential advantages over other types of genetically engineered neural cells, such as NPCs. First, astrocytes are fully differentiated, whereas pluripotent NPCs theoretically can differentiate into functional neurons, which could interfere with existing neural circuits. Second, certain diseases, including Alexander disease 6 and mesial temporal lobe epilepsy, 14 may result from defects in astrocyte function or gene expression. Transplantation of genetically modified astrocytes may provide specific treatment for these disorders. Derivation of astrocytes from ESCs provides at least two additional advantages. First, unlike NPCs, ESCs can be permanently genetically modified using homologous recombination rather than potentially hazardous or transiently expressed viral vectors. Second, ESCs have an unlimited proliferative capacity; if stocks of undifferentiated human ESCs of various types of human leukocyte antigen are established in the future, an unlimited supply of immunologically matched neural cells for transplantation would be available.
Generation of Highly Pure Astrocyte Cultures Under Defined Feeder Cell-Free Conditions
Several groups have previously described the directed differentiation of ESCs into astrocytes. 2, 34, 38 In this report, we describe a protocol for generation of astrocytes from mouse ESCs that has significant advantages over earlier protocols. First, all the media used in cell differentiation are defined, eliminating the variables introduced with the use of cell line-conditioned media 34 or coculture with EFCs. 2 Second, we report a high yield of astrocytes and provide a detailed description of astrocyte-specific gene expression. Authors of earlier reports have accepted GFAP expression alone as presumptive evidence of astrocytic differentiation. 2, 34 Whereas GFAP is the best single marker for astrocytes, other neural and nonneural cell types may also produce GFAP. Scheffler, et al., 38 performed comprehensive and elegant histological and physiological studies that demonstrated astrocyte differentiation from ESCs; however, only moderate yields of astrocytes were obtained using their differentiation protocol. We obtained a greater than 95% yield of astrocytes, with coexpression of several astrocyte markers and typical morphological characteristics. Third, mouse EFCs are not used in our differentiation protocol. Embryonic feeder cells are mesenchymal cells obtained from mouse embryos; maintenance of mouse or human ESCs in the totipotent undifferentiated state is facilitated by a coculture with EFCs, which secrete undefined substances that help maintain the undifferentiated state. One recently described protocol for directed differentiation into neural cell types requires further coculture with EFCs. 2 There is widespread consensus among transplantation biologists that human ESCs cocultured with mouse EFCs cannot be used in future clinical trials, given the risk of transmission of mouse retroviruses. Although the development of human feeder cell lines could represent one solution to this problem, 23, 35 finding ways to eliminate the need for feeder cells would be preferable. Although we maintained undifferentiated ESCs with EFCs for convenience, many laboratories routinely maintain undifferentiated mouse and human ESC lines without relying on a coculture with EFCs. 
Significance of Residual ESCs in Neural Cultures for Transplantation
Experimental allotransplantation of undifferentiated ESCs into the brain or other tissues results in teratoma formation in recipient animals. 1, 5, 15, 22, 42 Xenotransplantation of ESCs is not associated with teratoma formation. The reasons for this lack of teratoma formation following xenotransplantation are unclear but are not due to immune factors, because immunosuppression of hosts does not permit teratoma formation when ESCs are transplanted from other species. 15 Predifferentiation of ESCs into neural or other cell types prevents teratoma formation in some experimental models of allotransplantation 2, 10 but not in others. 15, 22 As few as 50 undifferentiated ESCs remaining in a culture of ESCderived neural cells may be sufficient to induce teratoma formation in recipient animals. 15 We show that, despite a highly efficient protocol for generating mature astrocytes from ESCs, a small population of undifferentiated ESCs remains in the culture. The presence of undifferentiated ESCs is occult at first, but as cell division of mature astrocytes slows, the few remaining ESCs divide rapidly and overgrow the culture. Immunoisolation using panning has been used to generate neuronenriched cultures from ESC-derived cells. 24 We describe FACS-based strategies for both negative and positive selection of mixed cultures of neural cells and ESCs, with significant decreases in ESC contamination following selection. Nevertheless, our experiments show that despite these strategies, contamination by residual ESCs persists and may not become apparent in culture for several weeks. For this reason, we conclude that in future experiments investigators must assess for ESC contamination not only in short-term cultures of purified cells, but also in long-term cultures. Ongoing experiments in our laboratory include more sophisticated sorting strategies and modification of culture conditions to eliminate residual ESCs.
Transgene Expression Persists in Differentiated Astrocytes and is Tightly Regulated
Transgene expression by astrocytes treated with viral vectors, including retroviral vectors, can be transient after transplantation into the CNS. We previously observed that transgene expression from ESCs containing the doxycycline-inducible transgene system was robust during early differentiation, but sometimes diminished after further differentiation into mature cell types in culture (V. Chen, unpublished observations). We found that fully differentiated astrocytes continue to express a GFP transgene under the control of the doxycycline-responsive promoter, but the percentage of the mature cells that express GFP is lower than the percentage of undifferentiated ESCs that express GFP. This phenomenon may be due to transcriptional silencing of genes in well-differentiated cell types. In the absence of doxycycline, few cells express GFP. This absence of "leaky" transgene expression is advantageous for therapeutic transgenes that could be hazardous if expressed in an uncontrolled fashion.
Transplantation of ESC-Derived Astrocytes Into the Mouse Brain
We studied the behavior of our ESC-derived astrocytes following allotransplantation into the mouse brain. We intended to assess survival, astrocyte-specific gene expression, migratory behavior, transgene expression, and the safety of our cells in vivo. We have shown that at 24 hours, transplanted ESC-derived astrocytes survive, remain in clusters at the implantation site, and continue to express the astrocyte marker GFAP. Potential benefits of ESC-derived astrocytes include the migratory characteristics of these cells. This makes these astrocytes highly desirable to target diseases outside the implant site. Limitations include the possibility of inducing "astrocytic scars," producing molecules that could impede neuronal recovery and regeneration. We hope that our ongoing studies on the longterm behavior of transplanted ESC-derived astrocytes after allotransplantation into the mouse brain will bring insights into these issues in the near future.
Conclusions
Genetically modified mouse ESCs can be differentiated into highly pure cultures of astrocytes by using defined culture conditions and without the use of feeder cells. These astrocytes have the normal morphological characteristics of astrocytes and display the appropriate marker expression, and they continue to express transgenes in a robust but controlled manner. Selection techniques can minimize the number of undifferentiated ESCs that accompany ESC-derived astrocytes after differentiation in culture. These cells can be transplanted into the brain and may have unique advantages as vectors for delivery of gene therapy to treat CNS disease.
